Introduction
Recently, exercise has been extended from competitive sports to disease prevention and health promotion. Regular and moderate exercise has various beneficial health effects. It offers protection against all-cause mortality, primarily by protection against atherosclerosis, type 2 diabetes, colon and breast cancers (1) . In addition, physical training is effective in the treatment of patients with ischemic heart disease, heart failure, and type 2 diabetes (2, 3) .
During exercise, all physiologic systems are altered and the systemic effects of exercise result from cellular alterations promoted by each bout of exercise. Treadmill exercise has been associated with the increased generation of reactive oxygen species (ROS) in skeletal muscle (4, 5) . Many reports also suggest that exercise-induced ROS production is responsible for the activation of signaling pathways in skeletal muscle that will culminate in cellular adaptation to exercise (6, 7) .
Among the signaling pathways activated in response to the contractile activity of skeletal muscle, nuclear factor-κB (NF-κB) has attracted increasing attention. NF-κB dimers are sequestered basally in the cytoplasm by the inhibitor of nuclear factor-κB (I-κB). NF-κB activation involves the phosphorylation and subsequent proteolytic degradation of the inhibitory protein IκB, a process mediated by specific IκB kinases. Free NF-κB (typically, a heterodimer of p50 and p65) then passes into the nucleus, where it binds to κB sites in the promoter regions of many genes, including those coding for cytokines, antioxidant enzymes, inducible nitric oxide synthase and adhesion molecules (8) (9) (10) . Many signals are responsible for NF-κB activation in a variety of cells and tissues, including ROS (11) (12) (13) .
Reports also demonstrate that exercise induces transitory alterations in the serum/plasma cytokine profile (14-16) marked mainly by increased serum levels of interleukin-6 (IL-6) (17, 18) . This change may account for the anti-inflammatory effect of exercise (19, 20) . Evidence suggests that NF-κB activation is responsible for the control of cytokine secretion mediated by contractile muscle (9) .
Exercise responses are mainly affected by exercise type, duration and intensity. Although NF-κB activation in skeletal muscle in response to endurance exercise has been consistently demonstrated, Durham et al. (21) reported reduced NF-κB activity in human muscle following resistance exercise. It is also well documented that the cytokine response to exercise is profoundly affected by exercise type and duration, as demonstrated by Brenner et al. (22) and Peake et al. (15) .
It is suggested that treadmill running is not the most effective mode of exercise for laboratory animals, especially mice, considering motivation, adaptation, duration, and exercise load control (23, 24) . Familiarization and learning sessions are necessary for mice to adapt to treadmill running and many times mice also require aversive stimuli to run. Moreover, fatigue during running is difficult to identify in the absence of some stimuli, like electric shocks. Rodents have a natural ability to swim. Training and aversive stimuli are not necessary, and mice are motivated to avoid drowning when fatigue is imminent, assuring a high level of performance (24) . Despite the advantages of using swimming as a model to study the physiologic aspects of exercise, at the present time, there is little information available on ROS generation and signaling pathways activated by the contractile activity of skeletal muscle or the plasma cytokine profile in response to swimming. In this context, the present study evaluated ROS generation and NF-κB activation in skeletal muscle, as well as the plasma cytokine response to a single bout of maximum swimming in mice. We hypothesized that swimming would result in the same pattern of ROS generation, NF-κB activation and plasma cytokine response described for other exercise types.
Material and Methods

Animals and exercise protocol
Male Swiss mice weighing 35.6 ± 2.1 g at 5 to 6 weeks of age were housed in a temperature-controlled room (24°C) with a 12:12-h reverse light/dark cycle. Water and standard rodent laboratory diet were supplied ad libitum. The animals were handled according to the principles outlined in the Guide for the Care and Use of Laboratory Animals (25) , and experimental procedures were performed according to the standard protocol used at the Institute of Laboratory Animal Research. The procedures were approved by the Ethics Committee on Animal Experimentation of Universidade Federal de Minas Gerais (CETEA/UFMG).
Initially, animals were adapted to the aquatic environment by swimming for 10 min with no workload over the course of 5 consecutive days. Forty-eight hours after the last adaptation session, mice were submitted to a maximum progressive swimming test. Animals were randomly divided into three groups: immediately after exercise (EX1), 3 h after exercise (EX2) and no exercise (control). Animals swam until exhaustion with an initial workload of 2% of body mass, by the attachment of a metal hook to the animal's tail. Workloads were increased by 2% every 10 min, without exercise interruption, by the addition of a metal ring, corresponding to 2% of mouse body mass, to the metal hook attached to the tail. Mice were weighed individually on a precision balance immediately before exercise to determine the weight of the metal loads. Exhaustion was defined as the point at which the mouse remained below the water surface for more than 4 s. The time to exhaustion (sinking) was recorded for each mouse. Control mice did not perform any exercise but were kept immersed in water for 20 min, in contact with the tank bottom. Swimming was performed in individual bays in a glass tank (50 x 30 x 25 cm) filled with water to a height of 24 cm and at 30 ± 1°C. Animals from the EX1 and EX2 groups were euthanized immediately after and 3 h following exercise, respectively. Before euthanasia, blood samples were collected from the animals' tails for lactate measurement. Mice were then euthanized by cervical dislocation and a blood sample and the soleus muscle were quickly removed. Blood samples were collected into heparinized tubes and centrifuged immediately (400 g, 15 min, 4°C) to separate plasma. Plasma and muscle samples were stored at -80°C until the time for assay.
Blood lactate measurement
Blood lactate levels were measured using Accutrend BM ® lactate test strips (Roche, Germany) and an Accutrend ® lactate portable lactate analyzer (Roche). Blood samples were obtained by making a small incision in each mouse's tail immediately after and 3 h following exercise. Resting values were obtained from non-exercised animals.
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Detection of cytokine in blood plasma
A BD™ Cytometric Bead Array kit (CBA, BD Biosciences, USA) was used to detect interferon-gamma (IFN-γ), tumor necrosis factor-alpha (TNF-α), interleukin-10 (IL-10), IL-6, interleukin-12 (IL-12p70) and monocyte chemotactic protein-1 (MCP-1) in plasma from the mice studied. Each sample (25 µL) was diluted 1:5 in assay diluent. In parallel, 9-fold serial dilutions were performed with the provided standard to obtain a standard curve within the 20-5000 pg/ mL range. Assay diluent alone served as a negative control. Fifteen microliters of mixed cytokine capture beads was added, and the samples were incubated at 25°C in the dark for 90 min. Samples were washed with 500 µL washing buffer and centrifuged for 7 min at 600 g, 18°C. After discarding the supernatants, beads were incubated with 18 µL of mixed PE-conjugated anti-mouse cytokine antibodies at 25°C for another 90 min in the dark. Beads were washed once more, re-suspended in 250 µL washing buffer and immediately analyzed using a FACScan™ flow cytometer and the CBA Analysis Software (BD Biosciences). Results are reported as pg/mL and the lower detection limits were as follows: 5.0 pg/mL for IL-6, 17.5 pg/mL for IL-10, 52.7 pg/ mL for MCP-1, 2.5 pg/mL for IFN-γ, 7.3 pg/mL for TNF-α, and 10.7 pg/mL for IL-12p70.
Thiobarbituric acid reactive species (TBARS)
As an index of lipid peroxidation and ROS generation in soleus muscle, we measured the formation of TBARS during an acid-heating reaction (26) . Briefly, muscle samples were mixed with 1 mL 8.1% trichloroacetic acid (2.5 M, pH 3.4; Sigma, USA) and 1 mL 0.8% thiobarbituric acid (Sigma), and then heated in a boiling water bath for 60 min. TBARS were determined by absorbance at 532 nm using 1,1,3,3-tetramethoxypropane (Sigma) as an external standard. Data are reported as malondialdehyde (MDA) equivalents/mg protein.
NF-κB activation in soleus muscle
NF-κB activation was investigated by Western blotting analysis of nuclear cell extracts obtained from homogenized soleus muscle, as described previously (27) . Briefly, tissue was homogenized in 1 mL ice-cold hypotonic lysis buffer (10 mM Tris, pH 7.4, 10 mM NaCl, 3 mM MgCl 2 , 0.002% NaN 3 , 1 mM PMSF, 0.1 mM EGTA, 10 µM aprotinin, 20 µM leupeptin, 0.5 mM DTT, 25 mM NaF) and chilled on ice for 15 min and 5% NP-40 was then added for a further 5 min. The supernatant containing the cytosolic fraction was removed and the nuclear pellet was washed with 1 mL hypotonic lysis buffer to remove residual cytosolic fraction. The nuclear pellet was resuspended in 200 µL high salt extraction buffer (20 mM HEPES, pH 7.4, 420 mM NaCl, 1.5 mM MgCl 2 , 0.01% NaN 3 , 0.2 mM EDTA, 25% v/v glycerol, 1 mM PMSF, 10 µM aprotinin, 20 µM leupeptin, 0.5 mM DTT) and incubated with shaking at 4°C for 30 min. The nuclear extract was then centrifuged for 15 min at 13,000 g and the supernatant was aliquoted and stored at -80°C. Protein was quantified using the Bradford assay reagent from Bio-Rad (USA). Nuclear extracts (20 µg) were separated by electrophoresis on a denaturing 10% polyacrylamide-SDS gel and transferred onto nitrocellulose membranes. Membranes were blocked overnight at 4°C with phosphate-buffered saline (PBS) containing 5% (w/v) nonfat dry milk and 0.1% Tween-20 (Sigma-Aldrich, USA), washed three times with PBS containing 0.1% Tween-20, and then incubated with rabbit polyclonal anti-p65/RelA (C-20/sc-372; 1:1000; Santa Cruz Biotechnology, USA), in PBS containing 5% (w/v) BSA (Sigma-Aldrich) and 0.1% Tween-20. After washing, membranes were incubated with anti-rabbit horseradish peroxidase-conjugated secondary antibody (1:3000). Immunoreactive bands were visualized using an enhanced chemiluminescence detection system, as described by the manufacturer (GE Healthcare, USA). Nuclear levels of NF-κB p65 were quantified using the densitometric analysis software (LabImage, Leipzig, Germany). Changes in protein levels with respect to control values were estimated and the results are reported as arbitrary units.
Statistical analysis
Statistical analyses were performed using the SPSS 12.0 software (SPSS Inc., USA). Comparisons between the three groups with respect to the mean data exhibiting parametric distribution were performed by ANOVA and comparison between two groups by the Student t-test. The Tukey post-test was used for multiple comparisons. TBARS levels and NF-κB activation results are reported as means ± SD. Plasma cytokine levels are reported as median values. Statistical significance was set at 5% (P < 0.05).
Results
Blood lactate levels were 30% higher in exercised mice immediately after swimming compared to the control, nonexercised group (4.2 ± 0.4 vs 3.3 ± 0.2 mM, EX1 vs control). Three hours after exercise, blood lactate levels were similar in the experimental and control groups (3.2 ± 0.3 vs 3.3 ± 0.2 mM, EX2 vs control group). Time to exhaustion was 21 ± 4 min and maximum overload achieved was 5.8 ± 0.9% of body mass.
To investigate whether maximum swimming can induce oxidative stress in skeletal muscle, the levels of TBARs were measured in samples of soleus muscle from non-exercised mice (control) and from exercised mice immediately after (EX1) and 3 h after (EX2) exercise. Figure 1 shows a 4.7-fold increase in MDA levels in skeletal muscle immediately after exercise in the experimental group (EX1) compared to control. Three hours after exercise (EX2), MDA levels returned to pre-exercise levels.
The activation of the transcription factor NF-κB in skeletal muscle following swimming was also investigated. The p65 NF-κB subunit was not observed in nuclear samples www.bjournal.com.br Braz J Med Biol Res 44 (6) 2011 of soleus muscle from non-exercised mice (control). NF-κB activation was observed in soleus muscle immediately following exercise, as indicated by the presence of the p65 subunit in nuclear samples from muscle cells (Figure 2) . Plasma cytokine levels were also evaluated in response to maximum swimming. Plasma IL-10 levels were significantly reduced immediately after and 3 h following exercise (P < 0.05), whereas IL-6 levels were significantly increased 3 h following exercise (Figure 3) . No effect of exercise was observed on plasma levels of IFN-γ, IL-12, MCP-1, or TNF-α. 
Discussion
We observed lipid peroxidation and NF-κB activation in soleus muscle, accompanied by increased plasma levels of IL-6 and reduced levels of IL-10, following a single bout of maximum swimming.
Studies have reported that exercise induces oxidative stress in various tissues, including skeletal muscle. An increased level of lipid peroxidation is the evidence most frequently cited to demonstrate the presence of oxidative stress in various tissues (28) . We demonstrated that swimming induced an increase in TBARS generation in soleus muscle immediately after exercise, with this value returning to pre-exercise levels 3 h later (Figure 1) . Davies et al. (29) have shown that exhaustive exercise induces a 2-to 3-fold increase in free radical concentrations in muscle and liver, accompanied by a significant increase in TBARS. Accordingly, Prigol et al. (5) have also observed TBARS in the skeletal muscle of mice 1 h after a 20-min swimming session. Our results suggest that soleus muscle is directly exposed to oxidative stress during continuous swimming, but that this is a transitory stress, as indicated by pre-exercise (control) TBARS levels 3 h after exercise.
Many reports have suggested that ROS produced during contractile muscle activity may be responsible for activating signaling pathways, which could culminate with adaptation to exercise. One of these is the NF-κB signaling pathway. NF-κB activation in response to muscle contractile activity was first demonstrated by Ji et al. (6) . Valdés et al. (13) have also demonstrated NF-κB activation after depolarization of skeletal muscle cells, which can be partially blocked by N-acetyl-L-cysteine, a general antioxidant, indicating the participation of ROS in NF-κB activation in skeletal muscle. This is the first time that NF-κB activation in skeletal muscle in response to swimming has been demonstrated, supporting the idea that the contractile activity is directly responsible for NF-κB activation.
Cytokine secretion in response to exercise has been widely described using experimental models and humans. IL-6 appears to be the cytokine most consistently elevated in response to exercise (16, 17) . Pedersen and HoffmanGoetz (18) suggested that IL-6 values peak at the end of a strenuous bout of exercise, or within a few hours, and then decrease rapidly to baseline levels. In the present study, we have shown a 16-fold increase in IL-6 secretion 3 h following swimming (Figure 3 ), similar to other reports (14, 30) .
In contrast to data on IL-6, results related to the response of plasma IL-10 to exercise are not consistent. Many investigators have reported no effect of exercise on IL-10 secretion (15, 31) , while others have observed increased plasma IL-10 levels following exercise (17, 32) . Similar to the present study, Brenner et al. (22) have described a reduction in plasma IL-10 levels following "all-out" cycling (5 min, 90% of VO 2max ), supporting the concept that the pattern and magnitude of the IL-10 response vary with exercise intensity and duration.
With regard to TNF-α, a number of researchers have reported significant increases, albeit modest, in response to strenuous, aerobically biased exercise (16, 33) . However, in agreement with the present study, others have reported no change in TNF-α levels (17) .
A few studies have evaluated the effect of exercise on MCP-1 (15, 34, 35) but all have observed increased MCP-1 levels in response to exercise, in contrast to the observations of the present study. Also, studies are scarce concerning the effect of exercise on IFN-γ and IL-12, two proinflammatory cytokines. To date, only Kimura et al. (36) and Suzuki et al. (37) have investigated the effect of exercise on IFN-γ; similar to the present study, both have reported no effect of exercise on IFN-γ levels. In contrast to our findings, Cox et al. (38) observed reduced IL-12 levels, while Peake et al. (15) reported an increase of this cytokine after exercise.
A number of factors could account for the differing results of the present study and other studies, including the timing of blood sampling, exercise intensity and duration and the type of exercise performed. Paulsen et al. (34) have reported increased MCP-1 levels only 6 h post-exercise. Considering exercise intensity, Cox et al. (38) reported reduced IL-12 levels in response to maximum exercise, while increased IL-12 levels were observed following high-intensity/longduration exercise (15) .
It is well known that different forms of exercise result in different levels of physiologic and adaptive responses. We have chosen to investigate swimming exercise because rodents have a natural ability to swim. Different from treadmill exercise, when previous exercise sessions are necessary for mice to learn how to run, training is not required in swimming. One problem implicated in the "learning" sessions is physiological adaptation to exercise before the experimental session. Using swimming as the exercise paradigm allowed us to evaluate only the acute effects of exercise.
The major drawback of using treadmill exercise is the use of aversive stimuli to encourage running. Many treadmill systems use electric shock to address this question, a procedure that can affect many physiological variables, such as hormone and cytokine secretion, that are evaluated in response to the experimental exercise session. Also, during treadmill running, fatigue is difficult to accurately determine unless some aversive stimulus is employed. However, mice are assumed to be highly motivated to avoid drowning when fatigue is imminent, assuring a high level of performance (24) .
Swimming may result in animal stress. In an attempt to minimize this effect, mice from the three experimental groups were adapted to the aquatic environment for 5 days, 10 min a day, before the experimental exercise. Also, during the experimental session, control mice were kept in contact with water in order to mimic the stress of water contact of the exercise groups. No difference in NF-κB activation was observed between the control group employed in this www.bjournal.com.br Braz J Med Biol Res 44(6) 2011 study and another one, with no water contact (cage control) (data not shown), indicating that the results observed can be attributed to exercise per se and not to the stress of contact with water. In addition, experiments investigating swimming require a less expensive apparatus than treadmill running. Therefore, in mice, the swimming system potentially offers advantages compared to treadmill-based types of exercise.
Maximum swimming exercise leads to lipid peroxidation and NF-κB activation in skeletal muscle, as well as IL-6 secretion, similar to patterns observed elsewhere. However, exercise resulted in reduced IL-10 levels but did not affect TNF-α, MCP-1, IFN-γ, or IL-12 levels, a fact that can be attributed to both exercise type and intensity.
